Abstract. A longstanding paradigm in ecology is that there are positive associations between herbivore diversity, specialization, and plant species diversity, with a focus on taxonomic diversity. However, phytochemical diversity is also an informative metric, as insect herbivores interact with host plants not as taxonomic entities, but as sources of nutrients, primary metabolites, and mixtures of attractant and repellant chemicals. The present research examines herbivore responses to phytochemical diversity measured as volatile similarity in the tropical genus Piper. We quantified associations between naturally occurring volatile variation and herbivory by specialist and generalist insects. Intraspecific similarity of volatile compounds across individuals was associated with greater overall herbivory. A structural equation model supported the hypothesis that plot level volatile similarity caused greater herbivory by generalists, but not specialists, which led to increased understory plant richness. These results demonstrate that using volatiles as a functional diversity metric is informative for understanding tropical forest diversity and indicate that generalist herbivores contribute to the maintenance of diversity.
INTRODUCTION
Diverse plant communities may be maintained partly by insect herbivory or, conversely, increased plant diversity may lead to reductions in herbivore damage (Janzen 1970 , Connell 1971 , Tahvanainen and Root 1972 , Barbosa et al. 2009 , Alvarez-Loayza and Terborgh 2011 . Such plant-herbivore interactions are highly influenced by plant chemistry, including phytochemical diversity, an important axis of functional diversity that influences multitrophic interactions (Richards et al. 2015) . Plant chemical defenses are extremely diverse, particularly in the tropics (Coley and Barone 1996) ; similarly plant communities can be chemically diverse (Courtois et al. 2009 , 2016 , Salazar et al. 2016 , and variation in this diversity has consequences for species interactions. Even within species, there is measurable chemical variation that can affect an individual's palatability to herbivores (Langenheim and Stubblebine 1983 , Sanchez-Hidalgo et al. 1999 , Glassmire et al. 2016 . Studying chemical community diversity is uncommon, but it is an information rich approach to understanding relationships between herbivory and tropical forest diversity.
Volatiles are an important component of the broad classes of plant compounds that influence herbivory, partly because many insects detect their host plants through volatile chemical signaling (e.g., Carroll et al. 2008 , Magalhaes et al. 2012 ). Qualitative and quantitative changes in these bouquets can influence herbivory (Halitschke et al. 2008 , Magalhaes et al. 2012 , Xiao et al. 2012 . Mixtures of plant volatiles are not only diverse, but individual volatiles and different subsets of volatile mixtures can have both positive and negative effects on plants; associational resistance and associational susceptibility (Tahvanainen and Root 1972, Barbosa et al. 2009 ) can thus be difficult to predict. The associational (Kleine and Mueller 2011) . Few studies have explicitly considered associational resistance and plant chemistry simultaneously. Recent work shows that herbivory declines with increasing intraspecific diversity of fixed (non-volatile) defenses among populations in a common garden. At the same time herbivory decreases, the abundance of herbivores increases, indicating that host searching is not affected by fixed chemical diversity but feeding behavior is (Bustos-Segura et al. 2017 ). An olfactometer study with tropical species shows volatiles are important host-location signals (Garc ıa-Robledo and Horvitz 2009), further emphasizing the important of volatile chemistry in herbivore host selection.
The Janzen-Connell (J-C) hypothesis has also been viewed as a variant of associational susceptibility in that patches of forest with a high density of conspecific seedlings may be more apparent to herbivores, leading to increased specialist herbivory, reduced seedling survival, and increased opportunity for heterospecific plant recruitment. The outcome of these density-herbivore interactions is a negative density dependence that yields greater plant richness. The Langenheim and Stubblebine (1983) hypothesis connects the J-C hypothesis with phytochemical variation, suggesting differences in chemistry between parent trees and seedlings may lead to higher than expected herbivore recruitment. Distinct chemotypes of seedlings have, in fact, been found to survive more successfully near their parent tree (SanchezHidalgo et al. 1999) . Most interpretations of the J-C hypothesis focus on the role of specialists (Carson et al. 2008) , nevertheless, generalist herbivores can cause increases in plant diversity via J-C mechanisms . Specialist and generalist herbivores respond differently to plant defenses, and hypotheses about their effects on plant diversity are also different , Richards et al. 2010 , Massad et al. 2011 . Similarly, specific volatile compounds and mixtures may be stronger cues for more specialized herbivores, which search-out specific host plants in complex communities (Bernays 2001) .
Understanding plant volatile diversity and its relationships with herbivory and taxonomic diversity is an important, almost entirely uninvestigated step in deciphering mechanisms maintaining tropical forest diversity. We seek to close this knowledge gap by investigating the genus, Piper (Piperaceae) to address hypotheses regarding volatile community diversity, herbivory, and taxonomic diversity. Neotropical forest understories are comprised of a high richness and abundance of Piper shrubs and vines, and about 47 species occur in the mid-Atlantic Rainforest region of Brazil where the present study was conducted (E. Tepe, personal communication). Piper is chemically defended by a range of compounds, and a single species can produce metabolites as diverse in biosynthesis as phenolics, amides, and terpenoids (Parmar et al. 1997, Kato and Furlan 2007) ; most species also have complex volatile chemistry (Andrade et al. 2008 , Mayer et al. 2008 , Marques and Kaplan 2011 . Piper hosts a high diversity of herbivores, including specialists in the genus Eois (Lepidoptera: Geometridae) and generalist caterpillars and orthopterans (Letourneau 2004) . Eois are restricted to Piper, but a given species may feed on more than one species of Piper Palmer 2004, Bodner et al. 2010) . Herbivory on Piper can have community-wide effects; in Costa Rica, reduced generalist herbivory on Piper led to lower understory plant diversity .
We hypothesized that specialist herbivory on Piper in diverse volatile communities would be lower compared to individuals in chemically more similar communities because of reduced host-searching success in chemically complex environments. Specialists may be adapted to find specific hosts, but volatile complexity may disrupt their host searching more than it does for generalists because generalists may not use volatiles to find a desired host. We also hypothesized generalist herbivory would be less affected by volatile community diversity than specialist herbivory, as generalists may not be cue in on specific host-plant volatiles to the same degree. Lastly, we hypothesized generalist herbivory on Piper would have a diversifying effect on understory plant communities as was found by Dyer et al. (2010) .
MATERIAL AND METHODS

Field methods
Twenty-one circular 10 m diameter plots were studied across four remnants of Mata Atlântica forest in the states of São Paulo and Rio de Janeiro between January and May 2014. These plots included both primary and naturally regenerating secondary forest in Itatiaia National Park, São Bento de Sapuca ı, Intervales State Park, and the Pincinguaba sector of the Serra do Mar State Park. Plots ranged from 18 to 1513 m above sea level and were all in sub-tropical humid forests (K€ oppen climate classification; Appendix S1: Table S1 ).
Plots were temporarily established at least 10 m from any forest edge. The center of each plot was anchored at a randomly selected Piper individual, and all Piper individuals within the plots were marked and identified to morphospecies or species. All leaves within reach were exhaustively searched for herbivores. Herbivore damage is inflicted by a variety of insects, including tettigoniids, specialist Eois (Geometridae) caterpillars, other Lepidoptera, and many juvenile and adult coleopterans. Herbivory was measured on each individual by visually estimating the area consumed by herbivores relative to the total leaf area that would be present without herbivory. Specialist and generalist insect damage were distinguished as much as possible (for a key to herbivore July 2017 VOLATILE SIMILARITY INCREASES DIVERSITY 1751 damage, see Dyer et al. 2010) . In general, damage beginning at leaf margins originates from generalist insects; damage in the center of leaves and the characteristic "windows" created by Eois feeding were categorized as specialist herbivory. The number of leaves on each plant was recorded, and 10 leaves per species per plot were randomly selected and measured to determine the leaf area of each individual in a plot. All understory morphospecies other than Piper with leaves between 1-1.5 m aboveground were counted in each plot, and canopy openness was measured using a convex spherical crown densitometer (Model A; Forestry Suppliers, Jackson, Mississippi, USA). Three randomly located soil samples from the top 10 cm of soil were collected from each plot and were analyzed for Ca, Na, Mg, K, P, C, and N in the Analytical Center of the Institute of Chemistry at the University of São Paulo following standard procedures (procedures available online). 6 C and N were measured as percentages; Ca, K, Mg, Na, and P were measured as mg/kg soil.
Immature leaves from Piper individuals in the plots were collected in head space vials or 50-mL Eppendorf tubes for volatile analyses. Leaves without herbivory were preferentially selected, but in some cases only leaves with herbivory were available. If the plant did not have expanding leaves, samples were not collected. Volatile samples were frozen at field sites where there were freezers (all except Bulha d' Agua where they were stored in sealed vials at ambient temperature) and transferred to the lab in styrofoam coolers.
Volatile chemistry methods
Leaves were kept frozen at À20°C until analysis. Volatiles were analyzed with headspace gas chromatographymass spectrometry (HS-GC-MS). Samples were run on a Shimadzu Gas Chromatograph coupled to a Mass Spectrometer detector (GCMS-QP2010 Ultra; Shimadzu do Brasil Com ercio Ltda, SP, Brazil) with a Shimadzu AOC-5000 auto-sampler (Shimadzu do Brasil Com ercio Ltda, SP). Samples were injected at 250°C and a pressure of 283.8 kPA in split mode with He as the carrier gas. The column was 10 m 9 0.1 mm diameter 9 0.1 lm (Restek Rxi-5 ms, Bellefonte, Pennsylvania, USA), and the flow rate was 0.5 mL/min. The mass spectrometer acquired scans between 1.2 and 12.6 min at an event time of 0.1 s and a scan speed of 5,000. The ion source temperature and the interface temperature were 250°C. The total run time was 12.6 min. See Appendix S1 for a description of peak alignments and Data S1 for the full volatiles data set.
Data analysis
Complete, aligned volatile signatures were used to calculate multiple community Morisita Similarity Indices (MSI; Chao et al. 2008 ) describing the similarity of volatile communities for each Piper species in a plot where more than one individual per species was represented. Total Piper volatile community similarity was also calculated at the plot level. These calculations are analogous to those used for species in a community in that peak areas were used as abundance data and each peak was treated as a unique species. Calculations were performed using SPADE (Chao et al. 2008) .
The similarity of volatile communities was used in models that also tested the effects of leaf area, leaf area diversity calculated as Simpson's Index (based on leaf area rather than the number of individuals of a species), Piper diversity per plot calculated as species equivalents of the Shannon-Wiener Index and Simpson's Index (Jost 2006) , canopy openness, and soil properties. Simpson's index of leaf area was calculated to describe resource diversity from an herbivore's perspective. Individuals in a plot varied greatly in their size and leaf area, so this adaptation of a diversity metric was tested as a potentially more informative variable to determine the effect of diversity on herbivory.
Individual level analyses
We used mixed models to examine the effects of volatile and taxonomic communities on specialist and generalist herbivory. Individual plants were treated as replicates in order to determine effects of intraspecific variation in volatiles (MSI of volatiles calculated per species in a plot); plot nested within study site was therefore included as a random factor. Models with the lowest AIC scores are presented.
Plot level analyses
Structural equation models were conducted to uncover causal relationships between volatile community similarity (MSI of all volatiles measured in a plot), Piper diversity (in terms of individuals and leaf area), understory community richness, canopy cover, soil properties, and herbivory. Goodness of fit was determined by the v 2 for the absolute index of the model (P > 0.05 indicates the model fits the data). Significant pathways in the model are indicated by t values >1.96, and the model was adjusted to achieve best fit by removing the least predictive pathways. Not significant paths were retained when their inclusion led to the overall best-fit model (the model with the highest P value). In all analyses, variables were log transformed to ensure normality of residuals as needed. Models were run with PROC CALIS in SAS/ STAT software (Version 9.2; SAS Institute, Cary, North Carolina, USA).
RESULTS
The minimum number of individuals contributing to the Morisita Similarity Index of species per plot was two, and the maximum number was 37. Within a plot, 6 http://ca.iq.usp.br/novo/ 1752 TARA J. MASSAD ET AL. Ecology, Vol. 98, No. 7 the number of Piper individuals ranged from 7 to 222 (including many seedlings). The number of Piper species in a plot ranged from 3 to 10. Understory richness (excluding Piper) ranged between 17 and 47 species. Fifty-nine Eois caterpillars and eight caterpillars of other species were collected from the plots; parasitoids emerged from seven Eois. Specialist herbivory ranged from 0 to 58%, and generalist herbivory ranged from 0 to 71%; across all individuals, mean specialist herbivory was 4.0%, and generalist herbivory averaged 5.9%.
Individual level patterns
Herbivory was significantly associated with volatile community similarity (Table 1 ). Mixed models showed greater intraspecific similarity in volatile communities was associated with increased damage by both specialists and generalists. Specialist herbivory was also positively correlated with Piper diversity as measured by the Shannon-Wiener index, but it was negatively correlated with Simpson's index of Piper leaf area, which is a more accurate measure of the diversity of resources in a plot. Lastly, specialist damage was positively related to Ca and Mg and negatively correlated with K in the soil. Generalist herbivory decreased slightly with canopy openness, increased with the total amount of Piper leaf area in a plot, and decreased with soil P (Table 1) . Some parameter estimates exceeded AE1, indicating potential colinearity, but the best fit models included the predictors presented.
Plot level patterns
Structural equation modelling revealed that generalist herbivory on Piper had strong positive effects on understory richness; 1 SD of change in generalist damage (a 2.4% change in herbivory) led to an increase of 4.6 species in a plot. In contrast, specialist herbivory had negative effects on Piper richness (1 SD of change in herbivory decreased Piper richness by 0.6 species in a plot; Fig. 1 ). Generalist herbivory increased as the volatile community in a plot became more similar (1 SD of change in volatile community similarity led to a 1.1% increase in herbivory), and where less light reached the understory (herbivory increased by 0.8% with each SD of decrease in canopy openness). Greater resource diversity, measured as Simpson's index of leaf area also led to an increase in generalist herbivory, but it reduced specialist damage. Specialist herbivory was higher in soils richer in Mg (model goodness of fit = 0.84, v 2 = 23.9, df = 17, P = 0.12). A model including direct and indirect effects of Simpson's index for Piper individuals fits slightly less well but demonstrates a significant correlation between Simpson's index of individuals and Simpson's index of leaf area (Appendix S1: Fig. S1 ).
DISCUSSION
The results reported here demonstrate a unique aspect of how plant volatile diversity affects terrestrial communities. Local Piper volatile similarity was associated with higher specialist and generalist herbivory, and increased generalist herbivory on Piper is in turn associated with higher understory plant diversity. This result is consistent with studies highlighting the importance of functional diversity as a community parameter, and in this case the diversity of plant volatiles within a community helps clarify relationships between biodiversity and plant-herbivore interactions. Associational resistance and the J-C hypothesis predict that herbivory, particularly by specialists, should be greater in patches with a high density of conspecifics (Janzen 1970 , Connell 1971 , Tahvanainen and Root 1972 . Empirical data provide substantive support for the predicted negative density dependence outcome of these hypothesized interactions (Carson et al. 2008 , Terborgh 2012 , Comita et al. 2014 ), but fewer studies examine the mechanism behind this pattern by measuring herbivory , Mangan et al. 2010 , Alvarez-Loayza and Terborgh 2011 . Most research on the J-C hypothesis focuses on specialist herbivores, but generalist herbivores can also contribute to maintaining tropical forest diversity . Our work supports this mechanistic link between increased generalist herbivory and greater plant diversity, revealing that generalist damage on a dominant genus has positive effects on local plant richness, possibly by preventing competitive exclusion (Viola et al. 2010) . Herbivores experience greater phytochemical than taxonomic diversity in their host-searching, as evidenced by the high level of intraspecific diversity in Piper volatile bouquets we report here. The relationships between herbivory and taxonomic diversity predicted by Janzen and Connell may therefore be obscured by effects of volatile diversity. Our results support Langenheim and Stubblebine's adaptation of the J-C hypothesis (1983) by demonstrating that generalist herbivory is reduced within chemically distinct volatile communities, contrary to our original hypothesis. Of course, other factors are responsible for variation in herbivory, and we quantified substantive effects of plant resources (soil nutrients and light) and leaf area diversity on herbivory that are consistent with theoretical predictions; the mechanisms of those relationships are explored more carefully in other studies (Strong et al. 1984, Massad and .
Greater similarity in volatile communities was related to both higher specialist and generalist damage (parameter estimates from the mixed models for individuals were large, 0.7 and 0.4, respectively; Table 1 ). Remarkably, this pattern has been reported elsewhere in the Neotropics: data from Costa Rican Piper communities also show that increased diversity of low molecular weight compounds leads to reduced specialist damage (Salazar et al. 2016) .
Generalist damage increased with greater volatile similarity both within and between species (individual and plot level results, respectively), while specialist herbivory increased only with greater intraspecific volatile similarity (individual level results). This indicates the two feeding groups may use different cues to locate host plants. According to Bernays' Neural Limitation hypothesis (2001) , specialist herbivores have evolved neural sensitivity that allows them to key in on host specific volatiles, whereas generalists may be responsive to more broadly occurring signals. Our data support this, demonstrating that even in the presence of the diverse stimuli of tropical rainforests, specialists and generalists have different sensitivities to volatile bouquets.
Although manipulations of simpler systems provide similar results regarding the role of volatiles in specialist herbivore host searching (Yoneya et al. 2010 , Magalhaes et al. 2012 , W€ aschke et al. 2014 , this study demonstrates the importance of natural levels of volatile signaling in a highly diverse, tropical rainforest. In conclusion, phytochemical diversity is an underexplored, but informative variable for studies of plant-herbivore interactions (Hilker 2014) , and generalist herbivores responding to phytochemical diversity on an abundant genus can increase tropical forest alpha-diversity.
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